it was assigned to the triplet excited state ( 3 1*) on the basis of energy transfer to oxygen and β-carotene. The photodegradation of 1 was achieved using XA and AQ as electron acceptors in a solar-simulator, in aerated aqueous medium; the reaction was faster with XA. Formation of a new photoproduct was initially observed; its structure was assigned as carbendazim N-C5 dimer (2). A balance of the total organic carbon (TOC) after prolonged irradiation indicated that mineralization does not occur to a significant extent, pointing to oxidative fragmentation of 1 and 2 to give a variety of low molecular weight products. To check whether the observed photodegradation of 1 results in a decreased toxicity, biological assays were performed using an established model based on the inhibition of mobility of Daphnia magna. The results demonstrate that photodegradation leads to in a diminished toxicity, indicating that the photoproducts are less toxic than the parent compound.
Introduction
Carbendazim (1, Chart 1) is a member of the benzimidazole (BZ) family, which includes a series of heterocyclic compounds extensively used as broad spectrum anthelmintic, anti-nematodal and anti-protozoal agents, [1] [2] [3] [4] [5] as well as post-harvest fungicides on fruits and vegetables. [6] [7] [8] The extensive use of 1(12000 tons/year) and related BZs has led to the development of resistance, which is usually triggered by mutation(s) in a single chromosomal β-tubulin gene. [9] [10] [11] [12] Interestingly, this effect has been exploited for inhibition of cancer cell proliferation by suppressing microtubule dynamics.
Unfortunately, BZs are toxic to humans and animals, so in the last years increasing attention has been devoted to their elimination from the environment [14] [15] [16] [17] and to the development of methods for detection of traces in vegetables and water. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The importance of the problem generated by pesticide residues, including BZs, has led to specific regulations established by the European Union 31 and by the Environmetal Protection Agency (EPA). 32 A key issue in connection with the efficacy and the ecological consequences of pesticides is their persistence. For field applications, these chemicals should survive only during the period required for pest control, to minimize contamination of soils and waters. Sunlight exposure could in principle contribute to the degradation of pesticides.
In general, pesticides absorb weakly solar radiation (above 290-300 nm) and accordingly they are relatively photostable under natural exposure conditions. A possible way to extend the active fraction of sunlight for removal of the pesticides might be the utilization of a photosensitizer capable of absorbing longer wavelength radiation.
It is therefore surprising that, in general, little attention has been devoted to the effects of light on BZs, with the exception of a few studies focused on their environmental fate. 33, 34 In this context, a recent review has appeared on the oxidation of pollutans by means of organic photocatalysts, including the photodegradation of a series of substituted BZs. 35 Specifically, the influence of light on the persistence of 1 has been analyzed by different autors. [36] [37] [38] This compound is rather stable in the dark or under environmental illumination conditions. Conversely, when exposed to the combined action of UV light and oxygen, 1 reacts in a wavelength-, solvent-, and pH-dependent manner.
irradiation of 1 in water affords 2-aminobenzimidazole as major photoproduct, via photohydrolysis, together with other minor products arising from electron photoejection accompanied by breakdown of the imidazole ring. 40, 41 The reaction of 1 with photogenerated hydroxyl radicals affords mainly photoproducts hydroxylated in the benzene ring. 39 As regards the photophysical characterization of 1, the emission spectrum has been registered, and the energies of the first singlet (S1) and triplet (T1) excited states have been determined as 99.7 and 79.7 kcal mol -1 respectively. 41 Moreover, 1 has been included in confined media looking for an emission enhancement to improve its analytical detection [42] [43] [44] and, more importantly, to increase its solubility and bioavailability. 45, 46 However, the behavior of the triplet excited state and other possible transients generated from 1 have not been investigated as yet. With this background, the aim of the present work is to study the photodegradation of carbendazim sensitized by aromatic ketones, under solar-simulated steady-state irradiation, with special attention to mechanistic aspects as revealed by the full characterization of the transients generated by laser flash photolysis (LFP) and to the identification of the major photoproduct(s). In addition, the possible detoxification of irradiated carbendazim solutions has been evaluated by an established model based on the inhibition of mobility of Daphnia magna.
Experimental

Materials and Solvents
Carbendazim (1), xanthone (XA), benzophenone (BP), 9,10-anthraquinone (AQ), 2-hydroxybenzimidazole, tert-butylperoxide, S-flurbiprofen and triphenylpyrylium tetrafluoroborate (TPT) were purchased from Aldrich. Their purity was checked by 1 H nuclear magnetic resonance (NMR) spectroscopy and high performance liquid chromatography (HPLC) analysis. Reagent grade solvents acetonitrile, cyclohexane, and methanol were purchased from Scharlau and used without further purification.
Absorption and Emission Spectra
Optical spectra in different solvents were measured on a Jasco V-630 spectrophotometer. Emission spectra were recorded on a spectrofluorometer system Jasco FP-8500, provided with an M 300 emission monochromator in the wavelength range of 200−900 nm and are uncorrected. Samples were placed into 10 × 10 mm . 47 The absorbance of the samples at the excitation wavelength was kept below 0.1. Excitation and emission slits were maintained unchanged during the emission experiments. For time-resolved fluorescence decay measurements, the conventional single photon counting was used. All experiments were performed at room temperature (22 °C).
Laser Flash Photolysis Experiments
The LFP experiments were carried out by using a Q-switched Nd:YAG laser GHz sampling). The laser pulse is probed by a fiber that synchronizes the LFP system with the digitizer operating in the pretrigger mode. All transient spectra were recorded using 10
x 10 mm 2 quartz cells with 4 mL capacity, and all were bubbled during 20 min with N2.
Absorbance of the samples was kept between 0.2 and 0.3 at the laser wavelength. All the experiments were carried out at room temperature. Different dilutions were prepared with the standard freshwater, according to mentioned guideline. Standard freshwater was also used as hatching medium. Assays were conducted with a range of test dilutions in geometric progression plus the controls.
Irradiation Procedures
Whenever possible, data were used to calculate the EC50 (sample dilution required to immobilize 50% of the daphnids after 24 h exposure) by Probit analysis, using the 
Results and Discussion
Photophysical studies
The absorption spectra of 1 in different solvents are shown in Figure 1A . In acetonitrile, methanol and water they displayed two bands, with maxima ca. 290 and 245 nm. In cyclohexane solution, only one broad band with maximum at 275 nm and a shoulder at 295 nm was observed.
The fluorescence spectra of 1 were also registered in the same solvents ( Figure   1B ); in all cases the emission maximum was found at 305 nm. The excitation spectrum
shows a maximum at 284 nm.
The fluorescence quantum yield was measured in the above solvents, and the values were found to be 0.044 in methanol, 0.073 in acetonitrile, 0.037 in cyclohexane and 0.015 in water. This is in reasonable agreement with the reported value of ca 1.10 -2 in diluted aqueous solutions. 40 The singlet lifetime was in all cases shorter than 1 ns, the detection limit of the apparatus.
Laser flash photolysis (λexc = 355 nm) of xanthone (XA), anthraquinone (AQ) and benzophenone (BP) was performed in MeCN solutions, in the presence of 1. Under these conditions, triplet-triplet energy transfer is prevented, due to the relative excited state energies, which are higher for 1 (79 kcal mol -1 ) than for the ketones (see Table   1 ). 38, 49 Transients absorbing in the 300-570 nm range were obtained upon quenching of XA or AQ with 1, but no new signal was detected in the case of BP. where Eox is the oxidation potential of the donor (1), 57 Ered the reduction potential of the aromatic ketone acceptor and E * is the triplet energy of the ketone. 58 In this way, using the values given in Table 1 for the above mentioned parameters exergonic thermodynamics for electron transfer quenching of the triplet-state of XA and AQ was established in acetonitrile. By contrast, the process was found to be endergonic for BP (Table 1) .
In order to ascertain the nature of the observed transient, an alternative approach to generate both 1 +· and 1-H· was used. A solution of 1 in a mixture of acetonitrile and tert-butylperoxide (10:1, v/v) was irradiated at 355 nm. Under these conditions the generated tert-butoxy radical (RO·) should abstract hydrogen from 1, leading to formation of tert-butanol and 1-H· radical. 59 However, no new signal attributable to a radical was detected.
Additionally, triphenylpyrylium tetrafluoroborate (TPT) was selected as oxidizing photosensitizer without proton accepting capability. 60 Thus TPT was ).
To disclose whether the generated radical cation 1 ·+ was the result of a monophotonic or a biphotonic process, 1 was submitted to LFP with laser pulses of increasing energy from 5.7 to 16.4 mJ. As shown in Figure 3 inset, the variation of the end-of-pulse absorbance at 500 nm with the laser energy fits well with a linear plot; this indicates that the photoionization is a monophotonic process.
Finally, a deoxygenated solution of 1 was submitted to LFP in an apolar solvent such as cyclohexane, where formation of a radical cation is prevented. Under these conditions, the registered transient spectrum presented a band with maximum at 380 nm and a lifetime of 1.7 μs.
Under oxygen atmosphere the signal was quenched (kq =1.53 x 10 10 M -1 s -1 ), pointing to triplet formation. To confirm this assignment β-carotene was added; the 380 nm signal was quenched concomitantly with the growth of a signal at 520 nm (Figure 4 inset); safely ascribed to β-carotene triplet-triplet absorption.
The photodegradation of 1 was attempted using AQ, XA and BP as electron acceptors. Photolysis was performed in a solar-simulator, in aerated aqueous medium. These results demonstrate that photosensitized degradation results in a diminished toxicity, indicating that the photoproducts are less toxic than the parent compound 1.
Conclusion
Irradiation of aerated aqueous solutions of carbendazim photosensitized with xanthone or anthraquinone, using simulated sunlight, leads to efficient photodegradation. The primary photoproduct is a N-C5 dimer. The reaction mechanism involves electron transfer from carbendazim to the triplet excited state of the aromatic ketones; this is supported by detection of the key transients by means of laser flash photolysis. This process results in substantial detoxification, as revealed by the inhibition of mobility in the Daphnia magna assay. 
